A cDNA library from developing wheat endosperm was screened for sucrose-synthase clones using a maize cDNA probé corresponding to the Shl locus under non-stringent conditions. Five positive clones were isolated and initially classified into two types on the basis of their relative ability to hybridize with the probé and of their partial restriction maps. Determination of the nucleotide sequences indicated homology between the two types of wheat clones, with type 1 showing higher homology to the maize Shl locus than to type-2 sequences. The inserís cloned in plasmids pST8 (type 1) and pST3 (type 2) were used as probes to determine the chromosomal locations of the two types of genes. DNAs from compensated nulli-tetrasomic and ditelosomic lines of wheat cultivar Chinese Spring were cleaved with EcoRl and analysed in Southern blots. DNA segments of the two types were thus identified in the short arms of chromosomes 7A, 7D, and, possibly, 7B. The two types of linked loci have been designated Ssl and Ss2, respectively.
INTRODUCTION
The enzyme sucrose synthase (EC 2.4.1.13) catalyzes the reversible cleavage of sucrose into Abbreviations: AMV, avian myeloblastosis virus; bp, base pair(s); BSA, bovine serum albumin; cv., cultivar; dap, days after pollination; kb, kilobase(s) or 1000 bp; nt, nucleotide(s); Pl, P2 probes, see RESULTS AND DISCUSSION, section a; Pollk, Klenow (large) fragment of E. coli DNA polymerase I; SDS, sodium dodecyl sulfate; SSPE, see MATERIALS AND METHODS, section e.
UDP-glucose and D-fructose. Two genes encoding sucrose synthase (Shl and Ss2 or Css) have been described in maize (Chourey and Nelson, 1976; Chourey, 1981a Chourey, , 1986 McCormick et al., 1982) and the corresponding isozymes were shown to have partial antigenic identity and very similar kinetic properties in the sucrose-cleavage reaction (Echt and Chourey, 1985) . Shl is the structural gene for the major endosperm form of the enzyme which is a homotetramer composed of subunits of 92 kDa (Su and Preiss, 1978; Chourey, 1981b; Werr et al., 1985) . This gene is expressed in other tissues at low levéis that can be drastically increased in response to anaerobiosis (Springer et al., 1986) . The second gene, Ss2 or Css, is also expressed in several tissues but its expression is less affected by anaerobiosis (McCarty et al., 1986a) . The Shl gene has been cloned and its entire DNA sequence has been determined (Geiser et al., 1980; Sheldon et al., 1983; Werr et al., 1985; Zack et al., 1986) . Based on the ability of Shl probes to select by hybridization mRNA corresponding to the Css gene (McCormick et al., 1982) , Css genomic clones have been isolated and characterized by McCarty et al. (1986a) who have also located the Css (Ss2) gene near the centromere of chromosome 9 of maize, 32 map units from the Shl locus (McCarty et al., 1986b) . We report here the existence of linked non-allelic sucrose synthase genes in wheat chromosomes of homoeologous group 7.
MATERIALS AND METHODS

(a) Biological material
Hexaploid wheat Triticum aestivum L. cv. Chinese Spring and its aneuploids (compensated nulli-tetrasomics and ditelosomics) were the gift of Dr. E.R. Sears (Columbia, MO). A cDNA clone (pKS500) corresponding to the maize Shl sucrose synthase was provided by Dr. P. Starlinger (Kóln, F.R.G.).
(b) Reagents
Chemicals used were of analytical grade. Restriction enzymes, T4-DNA ligase, Pollk and other enzymes were obtained from Boehringer, Amersham, New England Biolabs, or Pharmacia. The construction and screening of a wheat cDNA library was carried out by standard procedures (Maniatis et al., 1982) . Total polysomal RNA from developing endosperm (20 dap) of wheat (T. aestivum L. cv. Chinese Spring) was the source of the poly(A) + RNA used as the témplate for the AMV-reverse transcriptase reaction. After secondstrand synthesis with Pollk and size fractionation by 1.5% agarose gel electrophoresis the DNA of more than 500 bp was purified (Dretzen et al., 1981) and ligated into the Smal site of plasmid pUC12 and used to transform competent cells of Escherichia coli JM83 (Vieira and Messing, 1982) . The library was screened using as a probé the nick-translated 32 P-labeled insert from pKS500 (Geiser et al., 1980) .
(d) Nucleotíde sequence analysis
Plasmid DNA was isolated from bacterial cultures using the alkaline lysis method of Birnboim and Doly (1979) and purified by CsCl-gradient ultracentrifugation when required. Restriction maps of the clones were drawn by established procedures and nucleotide sequences were obtained by the chemical modification method of Maxam and Gilbert (1980) . 5'-overhang restriction sites were labeled with [y-32 P]ATP and polynucleotide kinase, and then a second restriction cut was performed at the appropriate site of the pUC polylinker. Subcloning was carried out in the same pUC12 plasmid.
Computer-assisted analysis of nucleotide and deduced amino acid sequences was performed using the 'Micro-Genie' program from Beckman (Queen and Korn, 1984) .
(e) DNA blots, RNA blots and hybridization Genomic DNA was isolated from 7-day-old darkgrown wheat seedlings essentially as described by Murray and Thompson (1980) . Restriction digestión, agarose gel electrophoresis and Southern blotting to nylon membranes (Hybond N, Amersham) were performed according to Maniatis et al. (1982) and to the manufacturera instructions. Hybridization to nick-translated inserís of appropriate cDNA clones was in 5 x SSPE (0.9 M NaCl, 0.05 M NaH 2 P0 4 , pH 7.4, 0.005 M EDTA), 2 x Denhardt's (0.04% polyvinylpyrrolidone, 0.04% BSA, 0.04% Ficoll), 0.2% SDS, 100 /zg/ml salmón sperm DNA, at 65 °C or at 58 °C, according to the stringency required in each case. The RNA for Northern blots was isolated from developing endosperms (20 dap) and from 7-day-old etiolated shoots. Glyoxal-denatured RNAs (Thomas, 1983) were fractionated by electrophoresis in 1.2% agarose gels, transferred to nitrocellulose filters (Hybond C, Amersham) and hybridized as previously described (Ponz et al., 1986) . + RNA extracted from 20-dap developing wheat endosperm, was screened under non-stringent hybridization conditions with a cDNA probé (pKS500) corresponding to the Shl locus from maize. Five clones giving a positive signal were further hybridized at more stringent conditions and classified into two types, according to their apparent homology to the probé and to their partial restriction maps ( Fig. 1) . The nucleotide sequences of the inserts in these clones corroborated both their homology to the probé and their classification into two types. No sequence divergence was found within each type, with the exception of clone pSTl, that differed from the other two of its group in less than 3 % of the coding and less than 8 % of the non-coding sequence positions. The 5'-end of the largest insert, that of pST5, extended to the región corresponding to exon No. 7 of the Shl gene (Werr et al., 1985; Zack et al., 1986) . The inserts in clones pST8 and pST3, hereafter designated Pl and P2, were chosen as probes for subsequent gene-mapping experiments because they represented approximately equivalent Fig. 2 to calcúlate the % homology between DNA-coding regions and between deduced amino acid sequences. Non-coding sequences have been compared using the 'Micro-Genie' program. b The numbers indicate the % of coincident residues between the compared sequences. Sh1 GCGCGTCTCGACCGCGTGAAGAACATGACAGGCCTGGTCGAGATGTACGGCAAGAACGCGCGCCTGAGGGAGCTGGCGAACCTCGTGATCGTTGCC AlaArgLeuAspArgValLysAsnMetThrGlyLeuValGluMetTyrGlyLysAsnAlaArgLeuArgGluLeuAlaAsnLeuValIleValAla P1
. regions of the 3' ends of their corresponding genes. Their sequences have been aligned with the appropriate regions in the Shl maize gene in Fig. 2 , and binary comparisons of their coding and non-coding nucleotide sequences are presented in Table I . Divergence of the nucleotide sequences of the untranslated 3' ends is considerably greater than that of the coding sequences. As expected from the hybridization experiments, Pl, which yielded the strongest signal with the maize probé, shows higher % homology with it than P2, both in the coding and in the non-coding regions. Furthermore, the sequence of Pl is closer to that of maize than to that of P2 in both regions, indicating an evolutionary time of divergence between the corresponding wheat genes greater than that of the wheat/maize branching out.
Northern-blot analysis of total RNAs from 20-dap endosperm and from 7-day-old etiolated shoots, using Pl and P2 as probes, yielded single bands with an apparent size of about 3.1 kb under denaturing conditions (Fig. 3) . When loading equal amounts of
Probé 1 E C Probé 2 E C 3.1 kb Fig. 3 . Northern-blot analysis of total RNAs from endosperms (E) and coleoptiles (C), using probes Pl and P2. RNA samples (15 /zg/lane) were electrophoresed in 1.2% agarose gels in 10 raM sodium phosphate (pH 7.0) after denaturation with glyoxal (Thomas, 1983) , transferred to a Hybond C nitrocellulose membrane according to the manufacturer's instructions and hybridized with 10 7 cpm of nick-translated Pl or P2 probes per gel. The size of the RNAs in kb is shown on the right margin as estimated on the basis of the mobilities of ribosomal RNAs.
the two RNAs in electrophoresis, the signáis were stronger for the endosperm than for the etiolated shoots with either probé. Fig. 4 . Southern-blot analysis of DNA from wheat euploid cv. Chinese Spring. Genomic DNA was isolated as described by Murray and Thompson (1980) . DNA samples (30 ¿xg) were digested with the indicated restriction enzymes, size-separated by electrophoresis in 0.8% agarose gels and transferred to nylon membranes (Hybond N, Amersham). These were hybridized to Pl or P2 cDNA probes (MATERIALS AND METHODS, section e). Stringent (65 °C) and non-stringent (58°C) conditions were used as indicated. Bands that hybridize preferentially with either probé Pl or P2 are pointed out by horizontal arrowheads. The size markers run on the same gel were Hindlll fragments of phage A DNA.
(b) Chromosomal locations of sucrose synthase genes in wheat
Total DNA isolated from etiolated seedlings of an euploid stock of wheat cv. Chínese Spring was separately digested with restriction enzymes Bglll, BamHl, and EcoRl, fractionated by agarose gel electrophoresis, transferred to nylon membranes and hybridized with Pl and P2 under stringent conditions, as shown in Fig. 4 . The different bands from each restriction pattern were preferentially labeled with one probé and gave a weaker signal or none at all with the other. Less stringent hybridization conditions allowed a more even distribution of the radioactive label (Fig. 4) . The higher number of well resolved bands in the EcoKl pattern justified the choice of this enzyme to carry out the analysis of DNAs from the different aneuploid stocks. Bands at 10.0, 5.0, 4.2, and 3.8 kb were preferentially labeled by hybridization with Pl, and those at 15.5, 8.0, 3.4, and 3.0 kb with P2, whereas Pl at lower hybridization temperatures allowed the detection of all eight bands (Fig. 4) . The DNAs of compensated nulli-tetrasomic lines of cv. Chinese Spring, in each of which the lack of a given chromosome pair from one of the three diploid genomes of hexaploid wheat (AA, BB, DD) was compensated by two extra copies of one of its ancestral homologues (homoeologues) in the other genomes, were digested with EcoRl and analysed by Southern blotting and hybridization with Pl at low stringency. Only nulli-tetrasomics of homoeologous group 7 gave patterns that differed from that of the euploid line (Fig. 5) . Bands at 4.2 and 3.0 kb were missing in the line lacking both copies of chromosome 7A (nulli 7A-tetra 7B) and were thus assigned to this chromosome. In a similar manner, bands at 5.0, 3.8, and 3.4 kb, which were absent in nulli 7D-tetra 7A, were assigned to chromosome 7D. The signal at 10.0 kb was considerably weakened in nulli 7B-tetra 7A and clearly enhanced in nulli 7A-tetra 7B, indicating that a DNA segment of 10.0 kb, responsible for most of the hybridization signal, is located in chromosome 7B. The variation of band intensity at 15.5 kb suggests that the signal consists of about equal parts of DNA segments of that size belonging to chromosomes 7A and 7D. The band at 8.0 kb could not be assigned to a particular chromosome, possibly because all three homoeologous chromosomes have an equivalent DNA segment.
To confirm the above observations and to investígate in which of the chromosome arms were the sucrose synthase genes located, ditelosomics of homoeologous group 7 were analysed, using both probes, Pl and P2, at stringent conditions. In each of these aneuploid lines, a particular chromosome arm is missing in a given chromosome pair. Results are presented and the conclusions about chromosomal locations are summarized in Fig. 6 . Ditelosomics 7AS, 7BS, and 7DS, in which only the short arms of the corresponding chromosomes were present, had the same restriction pattern as the euploid, whereas ditelosomics 7AL and 7BL which lacked the short arms of the corresponding chromosomes, reproduced the restriction patterns of the nulli-tetrasomic stocks in which the appropriate Probé 1 (65°C) Probé 2 (65°C) Fig. 6 . Southern-blot analysis of .EcoRl-digested DNAs from group-7 ditelosomic lines of wheat cv. Chínese Spring using probes Pl and P2 under stringent conditions. In ditelosomic lines DT7AS, DT7BS, and DT7DS, only the short arms of the corresponding chromosomes are present, whereas in DT7AL, and DT7BL, only the long arms are present. Assignment of bands to gene types 1 and 2 is based on data from Figs. 1,2 and 4. Chromosome arms are designated as short (S) or long (L). Unconclusive assignment is indicated by a question mark.
whole chromosomes were absent (ditelosomic 7DL was not available). It was thus concluded that the DNA segments recognized by the probes were located in the short arms of chromosomes of homoeologous group 7. Since the DNA segments assigned to a given chromosome arm (i.e., 7AS or 7DS) are of the two types, showing preferential hybridization with either Pl (type 1) or P2 (type 2), the genes corresponding to these two probes are neither homoallelic ñor homoeoallelic, but must be non-allelic and linked. Thus, the present observations allow the description of two linked loci, for which we propose the designations Ssl and Ss2, respectively, located in the short arms of chromosomes 7A and 7D, whereas the data demónstrate an Ssl locus in the short arm of chromosome 7B and are compatible with the existence of an Ss2, but do not prove it. In this context, the micro-heterogeneity found for the insert in clone pSTl would represent the expected variability within the Ssl homoeogenes. Based on the homology data deduced from the two types of probes (Table I) , Ssl would correspond to the Shl locus of maize, while Ss2 of wheat could be equivalent to Ss2 or Css of maize. As already indicated, it has been recently reported that the Shl and Ss2 loci are linked and associated with chromosome 9 of maize (McCarty et al., 1986b) , so the present observation implies that the two loci were probably generated by intra-chromosomal duplication prior to the branching-out between wheat and maize. It will be of interest to investígate whether other wheat genes located in chromosomes of group 7 also have their maize counterparts in chromosome 9.
(c) Conclusions
(1) Two types of sucrose synthase genes have been identified in wheat, based on a comparison of the nucleotide sequences of cDNA clones isolated from developing endosperm (20 dap) with that of the Shl gene from maize. The first type, designated Ssl, would be equivalent to Shl, and the second type, designated Ss2, would correspond to the Ss2 or Css locus of maize.
(2) The two types of genes are present in the short arms of chromosomes 7A, 7D, and possibly 7B, as shown by Southern-blot analysis of the DNAs from compensated nulli-tetrasomic and ditelosomic lines of wheat cv. Chínese Spring.
(3) Since the two types of loci are also linked in maize, it is concluded that the two loci probably originated by intra-chromosomal duplication prior to the wheat/maize branching-out.
